Background: Psychoacoustic measures of tinnitus typically include loudness and pitch match, minimum masking level (MML), and residual inhibition (RI). We previously developed and documented a computerautomated tinnitus evaluation system (TES) capable of subject-guided loudness and pitch matching. The TES was further developed to conduct computer-aided, subject-guided testing for noise-band matching (NBM), MML, and RI.
T hree decades have elapsed since the Ciba Foundation in London (Evered and Lawrenson, 1981) and the National Academy of Sciences (McFadden 1982) made recommendations to standardize tinnitus evaluation procedures. Four measures of tinnitus psychoacoustic characteristics were recommended: loudness, pitch, maskability, and residual inhibition (RI). Specific procedures for obtaining these indirect measures were provided by Vernon and Meikle (1981) . The techniques described, however, required specialized instrumentation.
Most audiologists who perform tinnitus measurement do not have access to such equipment, which may in large part explain why these procedures have never attained universal usage. Audiologists generally utilize a clinical audiometer in some fashion to obtain some or all of the measures.
Chronic neurophysiologic tinnitus is the result of pathology somewhere within the auditory system, and has been observed to be associated with almost every form of hearing loss (Nuttall et al, 2004) . There are myriad perceptual manifestations of tinnitus, but little progress has been made to associate tinnitus perceptual characteristics with different forms of hearing loss. Subcategories of tinnitus undoubtedly exist, but progress identifying them has been hindered by the nonuniformity in procedures used to measure tinnitus psychoacoustic parameters. A valid classification scheme of these parameters could provide a basis on which to diagnose tinnitus etiology and to specify the optimal form of treatment. Examples of how this information has already been used include these: (1) The perceived pitch of tinnitus tends to be in the range of 2-8 kHz for noise-induced (or presbycusic) tinnitus, 250-2000 Hz for middle ear tinnitus, and 125-250 Hz for Ménière's disease (Douek and Reid, 1968) . (2) There is a strong correlation between the perceived tinnitus pitch and the area of steepest decline in the audiograms of impaired ears (Meikle 1991) . (3) Subjectively rated loudness of tinnitus (using either a numeric rating scale or visual analog scale of tinnitus loudness) correlates well with the level of tinnitus handicap; however, tinnitus loudness matches do not correspond with perceived loudness, nor with tinnitus handicap (Henry and Meikle, 2000) . (4) Minimum masking levels (MMLs) can be used as predictors of the potential efficacy of treatment with tinnitus masking (Vernon et al, 1990) . (5) It has been reported that sound therapy for tinnitus results in reduced MMLs (Jastreboff et al, 1994; Davis et al, 2007 Davis et al, , 2008 . (6) Residual inhibition (partial or complete reduction in tinnitus loudness following certain sound stimulation) occurs in 80-90% of patients with tinnitus Meikle, 2000, Vernon and .
We have conducted research since 1995 to develop computer-automated techniques for obtaining tinnitus loudness matches (LMs) and pitch matches (PMs). These efforts have resulted in numerous studies documenting the reliability of the techniques (e.g., Henry et al 1996 Henry et al , 2001b Henry, Flick, et al, 2004) . A series of studies established these measures could be obtained reliably when patients were given control over level and frequency of the test stimuli when performing, respectively, LM and PM testing (Henry et al, 2006 (Henry et al, , 2009 Henry, Rheinsburg, et al, 2004) . Patient control of these parameters allowed testing to be conducted rapidly, which is important for clinical application of the technique. The system was subsequently expanded to perform noise-band matching (NBM) and to obtain measures of MML and RI. The purpose of the present study was to document the system capability of performing these new tests and to determine the test-retest reliability of the responses obtained.
METHOD Subjects
The limited output of the noise stimuli for NBM dictated that subjects must have tinnitus LMs within 70 dB SPL and PMs no higher than 8 kHz. Therefore, subjects meeting these criteria were selected from those who had previously been tested for LM and PM in our laboratory. A total of 21 subjects completed the new testing protocol, including seven females and 14 males (mean age 5 57 yr; SD 5 12; range 5 28-78). Each subject attended two test sessions. Test sessions were separated by an average of 6.2 days (SD 5 6.4; range 5 1-25).
Ten of the subjects were U.S. military veterans. Only three of the subjects had normal hearing sensitivity (all hearing thresholds 20 dB HL or better). Figure 1 shows mean hearing thresholds for the 21 subjects. Nineteen of the subjects had binaural tinnitus, and two had unilateral tinnitus. Table 1 lists the types of external sounds subjects could pick to describe the sound of their tinnitus, as well as the percentages of subjects who chose each type of sound. Although subjects could choose more than one sound, in general the tinnitus was described as "tonal" for 16 of the subjects and "nontonal" for the remaining five. All but two of the subjects had experienced tinnitus for at least 3 yr (Fig. 2 ).
Hardware and Software
Details of the system hardware and software used for this study have been described (Henry, Rheinsburg, et al, 2004) . The major change to the system that could have affected patient responses was the custom-built "knob" device that enabled direct patient control over auditory stimuli during testing. Knob control of testing stimuli was developed in an effort to shorten testing time for clinical application. Use of the knob provided no cues to the patient; that is, the knob rotated smoothly (without detents) and continuously (without stops or labels) in either direction. In the aforementioned study, LM and PM testing was performed repeatedly by each subject to document that test-retest response reliability of these measures was unaffected by using the knob. In addition to the knob device, the system used a slate-type (tablet-style) computer (Aqcess Technologies Qbe Personal Computing Tablet) with a pen-touch-enabled monitor enabling patients to advance the instruction screens and respond to the auditory tests using a pen-type pointing instrument. Graphical instruction screens were developed using Microsoft PowerPoint software. Generation and control of all stimulus parameters was accomplished by the custom-built Programmable Auditory Laboratory (PAL 3000) . Earphones were ER-4B Canal Phoneä insert earphones (Henry et al, 2001a (Henry et al, , 2003 . System calibration was performed automatically by special computer programming as previously described (Henry et al, 1999) .
For the present study, the automated system underwent further programming to incorporate the additional tinnitus measurement tests that included NBM (three methods), and measurement of MML and RI. These tests were added to the previous tests (hearing threshold, LM, PM). Additional, but similar, instruction and response screens were developed to allow test stimuli to continue to be controlled by the patient for the new tests. The new testing paradigms required the addition of new system hardware components to support stimulus generation using direct digital waveform synthesis techniques.
Hardware
To accommodate the additional testing protocols, new hardware was integrated into the system stimulus generation path (see Fig. 3 ). The Creative Extigy Sound Blaster USB sound card was added to support near real-time, software generated, stimulus waveform generation and manipulation of various noise bands. In addition, the slate-type touch-screen computer was replaced by an ASUS P4B-533-E Pentium IV 2.5-GHZ IBM PC. This was done to provide the required power needed to efficiently run the upgraded stimulus generation software and keep the user controlled acoustic stimulus changing highly responsive. As compared to a pure-tone sine wave, an extremely narrow bandwidth noise stimulus has very limited acoustic power. Therefore the previously used tail-end attenuator on the output of the PAL3000 headphone amplifier was removed in order to achieve adequate output levels when testing with narrow-band noise stimuli. Finally, the standard three-wire ER-4B Canal Phoneä insert earphone cabling was modified to a four-wire cable setup to decrease channel crosstalk during binaural testing.
PowerPoint Platform Software Interface
Microsoft PowerPoint screens for subject instruction were developed for the new testing procedures. These instruction screens provided subjects with the guidance necessary for performing tinnitus band-match testing, and measurement of MML and RI. The complete subject interface was created using the "slide-show" type paradigm designed and created by user-interface designers on the project team. This stand-alone "storyboarding" of the user-interface experience greatly simplified the creation of an effective and attractive set of subject instruction and response displays.
Custom Software
Extensive software development was necessary to support the new "more patient-friendly" PowerPoint slide-based user interface. A shared system code library was developed to exchange control and response messages between the tinnitus test system application and the user interface running as a PowerPoint application slide show.
The PAL3000 was used for all pure-tone testing as before, including pure tones used during sound-match testing. The previously used digital Noise Stimulus generator was upgraded considerably to support real-time, variable-bandwidth, variable center-frequency noise bands. Full bandwidth, stereo, acoustic transducer equalization was added using inline real-time digital filters to support acoustically calibrated variablebandwidth stimuli. As before, a continuously varying, real-time random white noise generator was used as the foundation for noise stimuli waveform data points with the Stimulus Generator being implemented on top of the Microsoft Windows DirectX audio platform . The variable-bandwidth noise stimulus generation was performed using multiple buffer segments, each with independent filter state storage. The actual noiseband shaping was implemented using stereo, digital elliptictype bandpass filters with 96 dB attenuation, and 1 dB ripple specification. For stability reasons, the filter order varied from 9 for bandwidth greater than 6999 Hz to 3 for bandwidth less 11 Hz. A stereo, 55 tap finite impulse response (FIR) filter was used for acoustic equalization. The complete 44,100 Hz, stereo, real-time, digitally generated, acoustically equalized, noise-band stimulus generation chain was computationally intensive. For software development efficiency reasons, a fairly high-powered desktop computer was used for the testing platform. It is possible that the less powerful, previously used 400 MHz slate-style computers could be used for future systems, but such benchmark testing has not been carried out as part of this project due to time constraints.
System Calibration
A computer controlled calibration routine was used to calibrate the tinnitus system. The PAL3000, Bruel & Kjaer 2231 sound level meter, ZI 9101 interface module, 4157 acoustic coupler, and Etymotic ER-4B Canal Phoneä transducer were used to conduct calibration procedures. Calibration values were stored in a database for online real-time access, for system documentation, and as documentation and for future calibration reference starting points.
For each stimulus channel, two separate "virtual" instrument signal paths were calibrated, one for PAL3000 generated pure-tone stimuli and one for the digitally generated noise stimuli. PAL3000 pure tones were calibrated at each test frequency for each ear using traditional methods as previously described (Henry et al, 1999) . Calibration of the noise generator was quite different. The first step was to record the acoustic transducer frequency response characteristics across the full system test bandwidth. Next step was to generate the digital equalization filter coefficients necessary to flatten the transducer acoustic response to support variable-bandwidth calibrated noise band stimuli. The system was then operated with the noise generator running at full bandwidth, and the sound power output was measured using the linear scale that became the singular "cal factor" stored for the noise stimulus channel. The acoustical equalization of the actual stimulus output level was accomplished using a mathematical transformation to adjust the full bandwidth cal factor value to cal factors for other requested bandwidths.
Testing Algorithms
The same testing protocols for determining hearing threshold, LM, and PM that were used in the previous study (Henry, Rheinsburg, et al, 2004) were used for this portion of the study. Briefly, subjects were seated in front of the computer and instructed in how to respond to the testing. One ER-4B earphone was inserted in the "stimulus ear" by the examiner. (The stimulus ear was contralateral to the predominant tinnitus if tinnitus was asymmetric. If tinnitus was symmetric, then the stimulus ear was the ear with better hearing, or it was selected randomly if hearing was also symmetric.) The computer provided all further instructions, and the examiner sat close by to be available to answer questions. The computer then obtained hearing thresholds and tinnitus LMs at 1/3-octave frequencies from 1 to 8 kHz. For pitch matching, subjects rotated the dial, resulting in the presentation of adjacent test frequencies at the loudness-matched levels. Test frequencies were presented in a saw-tooth fashion-when the highest test frequency (8 kHz) was reached, consecutively lower frequencies were presented; when the lowest test frequency (1 kHz) was reached, consecutively higher frequencies were presented. When subjects decided which frequency best matched their tinnitus, they touched "Go" on the computer screen to record this frequency and proceed to the next measurement. The pitch-matching procedure was repeated five times, resulting in five PMs. The following new testing protocols began immediately upon completion of the five repeated PMs. Block diagram of tinnitus testing system as modified for this study. The CPU is a standard PC-type computer running software applications to: (1) display instruction, testing, and help instructions to the subject; (2) generate digital stimulus waveforms; (3) monitor "the knob" and adjust digital stimulus parameters based on subject inputs; (4) control sound card-based digital-to-analog stimulus generator via a USB interface; and (5) control the PAL3000 signal generation, mixing, and attenuation headphone driving device via an RS-232 interface. Acoustic signals were presented to the subject via ER-4B insert-type transducers connected to the PAL3000 via a four-wire interface.
Noise-Band Matching
Three testing paradigms (Methods 1, 2, and 3) were developed to conduct NBM. Technical limitations with the system allowed for testing only from 1 through 8 kHz.
Method 1.
For each subject, the mean of the five repeated PMs was determined, which identified the "center frequency" for Method 1 of the NBM testing. Subjects were instructed to "turn the knob until the sound is the closest match to your tinnitus." (Fig. 4 shows the screens that were presented to subjects to provide instructions and to guide responses during testing.)
Noise-band matching was repeated for five consecutive trials. For each trial, testing started with presentation of the center-frequency pure tone. The subject turned the knob to change the bandwidth around the center frequency (within the frequency limits). As the knob was turned either clockwise or counterclockwise, the frequency bandwidth of the tone widened exponentially, that is, the first band was 2 Hz wide, the second 4 Hz wide, the third 8 Hz wide, and so on. The noise bands increased in this manner until they reached their maximum frequency range at either end of the frequency spectrum (1 and 8 kHz). When the maximum bandwidth was achieved, further turning of the knob in the same direction caused the noise band to progressively narrow to the pure-tone starting point. Continued turning in the same direction would repeat the entire progression, whereas reversing the direction of turning would reverse the bandwidth widening/narrowing progression (in a saw-tooth fashion, similar to PM testing).
Each noise band was presented at the loudnessmatched level of the tinnitus at the test frequency closest to the mean of the five PMs. Regardless of the width of the noise band, a constant sound pressure level was maintained.
Following selection of a noise bandwidth as a tinnitus match, subjects were instructed to listen again to the chosen stimulus and to confirm the accuracy of the match. Five response choices for this "Tinnitus Sound Match Check" were provided, ranging from "exact match" to "not a match," as shown in the last panel of Figure 4 .
For Method 2 testing, the program first calculated the mean of subjects' five bandwidths obtained during Method 1. The program then selected a center frequency at random from the test set of frequencies (1/3-octave frequencies between 1 and 8 kHz). The first noise band presented thus had a bandwidth as averaged from Method 1, and a center frequency selected at random between 1 and 8 kHz.
Subjects followed the same instructions as for Method 1 (Fig. 4) to turn the knob and select the closest match from the different noise bands. As the knob was turned, the same frequency width was maintained while the center frequency shifted across the frequency range. As for Method 1 subjects had five opportunities to select a tinnitus sound match, after which the "closeness of the match" was queried. The knob responded in a continuously variable manner with no stops as before. For each of the five trials, the initial center frequency was selected by the computer at random. For the final stage of tinnitus NBM the system averaged the results from the five sound matches selected in Method 2 to assign a new center frequency. As for Method 1, subjects then again had the opportunity to increase or decrease the stimulus frequency bandwidth from pure-tone to full bandwidth in exponential frequency steps to find the best tinnitus match. The best match and associated confirmation accuracy were completed five times. . Instruction and testing screens for performing noise-band matching (NBM) with the automated system. Note that instructions are shown for both right-ear and left-ear testing, although testing was performed in only one ear (the test ear, i.e., the ear contralateral to the predominant tinnitus).
Minimum Masking Level
Testing for MML used a 2-12 kHz band of noise, which is the standard stimulus for clinical measurement of MML as described by Vernon et al (1990) . As this was the first test that used binaural presentation of test tones, the examiner inserted a second earphone into the "tinnitus ear" (contralateral to "stimulus ear") of subjects just prior to conducting the test. Threshold testing for the noise occurred in each ear separately, using the automated hearing-threshold technique (Henry, Rheinsburg, et al, 2004) . (Fig. 5 shows the screens that were presented to subjects to provide instructions and to perform threshold testing.) Once both thresholds were obtained, the program randomly selected a noise level, to the nearest 1 dB, between 5 and 20 dB above the noise thresholds. For each ear, the noise was presented at the same sensation level (dB SL, i.e., level above threshold). For example, if the noise thresholds were 0 dB SPL for the right ear and 10 dB SPL for the left ear and the program randomly selected 8 dB SL as the starting level, then the binaural presentation of noise would start at 8 dB SPL in the right ear and 18 dB SPL in the left ear. Subjects were instructed to "turn the knob until the noise just covers the tinnitus in both ears." The noise was raised and lowered in 1 dB increments when the knob was rotated clockwise and counterclockwise, respectively. Two responses were obtained, and the average of the two responses was the final MML result. It should be noted that the duration of the stimulus at any level was variable according to the amount of time subjects chose to listen to the stimulus at each level.
Residual Inhibition
RI refers to the common phenomenon of a temporary reduction in loudness of tinnitus (or temporary silencing of tinnitus) as a result of stimulation with (typically) broad-band noise. As with MML testing, a 2-12 kHz band of noise was used for clinical testing of RI (Vernon et al, 1990) . The intensity level of the sound was presented binaurally at 10 dB above the MML value that was established for each ear. Subjects were instructed to listen to the noise for 1 min, at which time the noise signal was terminated and they could report the loudness of their tinnitus. (Fig. 6 shows the screens that were presented to subjects to provide instructions and to perform testing.) If the stimulus was too loud during the test, subjects could touch the "too loud" button on the screen. Each time this was done the stimulus decreased by 5 dB. During the poststimulus time, subjects repeatedly reported the "percentage loudness" of their tinnitus until the loudness returned to "100 percent of its usual loudness" or until 5 min (from when the stimulus stopped) had elapsed.
Time of Testing
Time of testing to complete the battery of tests (puretone thresholds, LM, PM, NBM [three methods], MML, and RI) averaged 47 min for Session 1 (SD 5 24; range 5 21-110), and 45 min for Session 2 (SD 5 25; range 5 20-110). These times reflect actual testing time and do not include time required to prepare subjects for testing (i.e., otoscopy, explaining overall function of the system, and inserting earphones). Table 2 shows an example of subject individual responses for Method 1 of NBM. The frequencies shown in the table indicate the range of frequencies subjects chose as a match to their tinnitus. Table 2 shows only results from the first of five consecutive matches during the first session (each subject completed an additional four matches during Session 1 and five additional matches during Session 2). The column under the heading "Bandwidth Figure 5 . Instruction and testing screens for obtaining tinnitus minimum masking levels (MMLs) with the automated system. This was the first test that used earphones in both ears. These screens indicate monaural presentation of stimuli for "noise thresholds" in each ear separately, followed by binaural presentation of stimuli to determine the MML.
RESULTS

NBM: Method 1
of Match" shows that subjects chose bandwidths ranging between 0 and 2048 Hz. (A bandwidth of 0 Hz indicates the subject chose a pure tone as a closer match than any of the bandwidth choices.) Eleven of the subjects chose a pure tone as the closest match for this first trial. Only three subjects chose a bandwidth exceeding 32 Hz. When asked to confirm how close the match was, only three subjects indicated their choice was "not a match." Other choices included "somewhat close," "very close," and "exact match. "  Tables 3 and 4 show, for Sessions 1 and 2 respectively, all of the subjects' bandwidth choices for Method 1 of NBM. It can be seen that subjects were generally consistent with respect to the bandwidths of their repeated matches. That is, subjects who chose 0 Hz tended to choose 0 Hz or very narrow bands (2, 4, or 8 Hz) repeatedly. Subjects who chose wider bands tended to be consistent in choosing wide bands of noise. There were of course exceptions to these trends (note subjects 6 and 8 in Table 3 ). Subjects were also generally consistent between sessions, although there were again some subjects who were very inconsistent between sessions (note subjects 11, 13, 15, and 16 between Tables 3 and 4). Notwithstanding these inconsistencies a significant testretest correlation was found (r 5 0.563, p 5 0.0078). Inspection of this relationship in Figure 7 and Tables  3 and 4 shows that 16 subjects chose bandwidths of Figure 6 . Instruction and testing screens for measuring tinnitus residual inhibition (RI) with the automated system. RI testing was done with binaural presentation of 2-12 kHz bandwidth noise. 0 Hz or close to 0 on both tests; one subject chose bandwidths exceeding 1500 Hz on both tests; and the remaining four gave discrepant results between sessions. Comparing the grand means and means of standard deviations of the bandwidths between sessions, these numbers became smaller during the second session, indicating that, for the second session, subjects as a group chose narrower bands of noise and deviated less in response choices from trial to trial. Paired t-tests, however, determined that the between-sessions differences in means were not significant ( p . .05), nor were the between-sessions differences in mean standard deviations ( p . .05). Table 5 provides a summary of how subjects responded following each noise-band match when asked to indicate how closely the stimulus they just selected matched their tinnitus. For the first session, responses were fairly normally distributed across the different response choices. For the second session, responses were more skewed toward responses indicating closer subjective matches ("very close" and "exact match"). Notably, across all trials, the response option "somewhat different" was selected only once.
NBM: Method 2
Method 2 maintained a constant bandwidth, and turning the knob changed the center frequency of the stimulus. Tables 6 and 7 show, for Sessions 1 and 2 respectively, the center frequencies that were selected by each subject during each of the five trials for Method 2.
If, for a single subject, the average bandwidth as determined from Method 1, Session 1 consisted of a tone (indicated by a "0" for the "Mean" bandwidth in Table 3 ), then for Method 2 turning the knob changed the frequency of the tone (equivalent to pitch matching with pure tones). In Tables 6 and 7 , subject numbers have an asterisk if these subjects were responding to tones during Method 2. A strong linear correlation was observed between sessions for the mean noise-band matches (r 5 0.831, p , 0. 0001). Figure 8 shows that subjects choosing center frequencies at or near 8 kHz appeared to be as consistent between sessions as subjects choosing lower frequencies as their best tinnitus match. The within-subjects reliability of the repeated noise-band choices during Method 2 within a session would be indicated by the standard deviations (last column of Tables 6 and 7) . These standard deviations averaged across subjects resulted in a mean standard deviation of 1019 Hz for Session 1 and 641 Hz for Session 2. While this difference might suggest an improvement in within-subjects testretest reliability from Session 1 to Session 2, a paired ttest revealed that the difference was not significant ( p . .05).
The means and standard deviations across measures within sessions for the nine subjects who listened to tones during Method 2 (indicated by asterisks in Tables  6 and 7) were calculated and compared to those of the 12 subjects who listened to bands of noise during Method 2. For Session 1, the mean standard deviation was 668 Hz for the subjects who listened to tones and 1282 Hz for the subjects who listened to bands of noise. Similarly, for Session 2, the mean standard deviation was 333 Hz for the nine subjects who listened to tones and 871 Hz for the subjects who listened to bands of noise. Thus, for both Sessions 1 and 2, the standard deviations were almost twice as large when subjects listened to bands of noise versus those who listened to pure tones. Unpaired t-tests revealed, however, that these withinsession differences were not significant ( p . .05). The test-retest reliability between subjects was higher for subjects matching with pure tones (r 5 0.93, p , 0. 0003) than with noise bands (r 5 0.74, p , 0. 006), although the difference between these correlations was not significant.
NBM: Method 3
For Method 3, center frequencies obtained from the Method 2, Session 1 repeated tests were averaged to determine the center frequency for Method 3. Turning the knob widened or narrowed the bandwidth around the center frequency as done in Method 1. Tables 8 and 9 show, for Sessions 1 and 2 respectively, all individual bandwidth choices for Method 3 of noiseband matching. As for Method 1, subjects were generally consistent with respect to the bandwidths of their repeated matches. Subjects 6 and 8 were again exceptions to these otherwise consistent trends. Subjects were also generally reliable between sessions; although there were some subjects who were very unreliable between sessions for Method 1 (subjects 11, 13, 15, and 16), these same subjects were not seen to be particularly unreliable for Method 3.
When comparing the grand mean and mean standard deviations between sessions for Method 3, these numbers became smaller during the second session. This trend, also seen for Method 1, would reflect that, during the second session, subjects as a group chose narrower 7  14  15  256  384  256  128  64  218 125  1 6  0  0  0  0  0  0  0  17  1024  1024  1024  1024  1024 1024  0  18  16  136  2  4  8  33  58  19  16  2  5  16  16  11  7  20  512  256  128  128  128  230 167  2 1  0  0  0  0  0  0  0  Mean  137  147  264  92  268  182 220  SD  268  311  907  243  906  333 534 bands of noise, and they were more consistent in their response choices from test to test. Paired t-tests, however, determined that the between-sessions differences in means were not significant ( p . .05), nor were the between-sessions differences in standard deviations ( p . .05). The between-subject correlation obtained for Method 3 (r 5 0.451, p 5 0.04; Fig. 9 ) was lower but not notably different from that reported above for Method 1 (r 5 0.565, p 5 0.0078; Fig. 7 ). Further inspection of the results for Methods 1 and 3 pointed to sources of consistency and inconsistency in assessing the bandwidth of tinnitus. From Figure 7 it can be seen that the correlation between the two sessions of Method 1 was strongly influenced by the single subject (#17) who gave the largest bandwidth matches in the two sessions, exceeding 1500 Hz in both sessions (see Tables 3 and 4 ). This subject also gave the largest bandwidth matches in Method 3, exceeding 1000 Hz in both sessions of this method (Tables 8 and 9 ). The subject was therefore consistent in reporting a tinnitus of comparatively wide bandwidth in all four measurements. Figure 7 also reveals a cluster of subjects (n 5 10) who gave bandwidth matches averaging 0 or 1 Hz in the first session of Method 1. Seven of these 10 subjects repeated their ratings across the four bandwidth measurements of Methods 1 and 3. These results suggest that subjects experiencing either a narrow tonal tinnitus or a noisy tinnitus can report consistently on the bandwidth of their tinnitus. Subjects reporting intermediate bandwidth matches were less consistent between the sessions with each method.
Minimum Masking Levels
Prior to testing for MML, threshold testing of the 2-12 kHz noise band was done monaurally in each ear. Table 10 shows results of this threshold testing. These results indicate there was no particular trend for subjects to provide either higher or lower noise thresholds when testing was repeated across sessions. The absolute values of the differences show, on average, that differences in noise thresholds between sessions averaged 4.0 dB in the left ears and 4.3 dB in the right ears. Table 11 shows results of binaural MML testing. Any negative MML would indicate that the MML was below the threshold level. These negative values only occurred for two subjects during Session 1 and for one subject during Session 2. The negative values for MML were small and are thus explainable as normal variability for both thresholds and for MML (these subjects probably had an MML very close to their noise threshold). All but three of the subjects provided repeated MMLs within 10 dB of each other across sessions. The three more variable subjects differed by 14, 29, and 34 dB between sessions. The results in Table 11 indicate a significant test-retest reliability of r 5 0.808, p 5 0.0001 (Fig. 10) .
MML measures have been used by some investigators as a surrogate for tinnitus loudness measures. We were able to test this relationship by evaluating the correlation between the MMLs (from Session 1) and the subjective ratings of tinnitus loudness (obtained on the initial survey). Results revealed a Pearson product-moment correlation of 0.19 ( p . .05), which suggested at best a weak relationship between the two measures.
Residual Inhibition
Tables 12 and 13 summarize results of RI testing for Sessions 1 and 2, respectively. Of the 21 subjects, nine did not experience any RI during the first session, and eight did not experience any during the second session. Two of the subjects who did not experience any RI during the first session (#5 and #8) did experience it during the second session. One subject who experienced RI during the first session (#14) did not have any RI during the second session.
Of the 12 subjects who experienced RI during the first session, eight experienced partial RI (tinnitus reduced in loudness) and four experienced complete RI (tinnitus inaudible). Of the 13 subjects who experienced RI during the second session, seven experienced partial RI and six experienced complete RI.
Including all subjects, whether they experienced RI, the mean duration of RI was 79 sec for Session 1 and 113 sec for Session 2. A fairly strong linear correlation was observed between sessions for the mean duration of RI (r 5 0.706, p 5 0.003) (Fig. 11) . Recalculating the mean RI duration only for those who experienced any RI, the RI lasted an average of 137 sec for Session 1 and 182 sec for Session 2.
During the first session, 10 of the subjects opted to reduce the output of the noise during the 1 min of RI testing, due to the stimulus being perceived as uncomfortably loud. Six subjects reduced the output during the second session, which included five of those who reduced the output during the first session.
DISCUSSION
A group of 21 subjects completed a tinnitus test battery over two sessions with the automated tinnitus assessment system. Each of the subjects was able to complete the testing protocol with minimal intervention from the attending research audiologist who sat in the adjoining control room. The current tools differ from automated methods devised to measure tinnitus attributes in the laboratory (Noreñ a et al, 2002 , Roberts et al, 2008 in that NBM, MML, and RI were obtained through automation using a selfcontained system designed specifically for use in clinical settings. We discuss the results for each tinnitus attribute separately, considering relation to previous results and factors that may contribute to reliability. 
Center Frequency
Subjects in the current study were selected from a larger sample tested previously to have tinnitus loudness matches equal to or less than 70 dB SPL and pitch matches not exceeding 8 kHz. The familiarity of the subjects with their tinnitus, and their prior experience with the graphical user interface, may have enhanced the reliability of pitch matching between the two sessions of Method 2. Reliability was reflected by the significant correlation between sessions (Fig. 8) and by a trend toward diminished within-subject variability across repeated trials within each session. Although the sounds used for pitch determination could not exceed 8000 Hz, the frequencies obtained covered the range of 2800-8000 Hz suggesting that reliability was not constrained or inflated by ceiling effects. Perceptual judgments were likely based only on the perceived properties of tinnitus, because cues for pitch matching were not available from the featureless dial that was used for pitch determinations.
It may be noteworthy that between-subject reliability of NBM for Method 2 was especially high for subjects choosing pure tones as the best match for their tinnitus (r 5 0.93). This relationship accounted for 87% of the between-subject variance in pitch matching for these subjects compared to 55% for subjects selecting a band of noise to represent their tinnitus. While this difference did not reach significance in our sample (nine subjects performed pitch matches with pure tones rather than narrow-band noise), it is provocative in supporting the concept of a pure tonal tinnitus in a substantial number of tinnitus sufferers. It is possible that offfrequency listening (Florentine and Houtsma, 1983; Huss and Moore, 2005) may have been a source of error for subjects matching a band of noise to their tinnitus. However, hearing thresholds did not correlate with the absolute difference in center frequency between the two repeated sessions and were not different between subjects matching with pure tones or a band of noise. This suggests that subjects with a noisy tinnitus simply had a more difficult time matching to the dominant frequency in the percept.
The current approach, which identifies a single center frequency to represent tinnitus, differs from the approaches taken by Noreñ a et al (2002) and Roberts et al (2008) in which subjects rate a number of frequencies for their resemblance or "likeness" to their tinnitus sound. The result is a "tinnitus spectrum" that has been found to cover the region of threshold shift (or "slope") in the audiogram, highlighting the role of hearing impairment in the generation of tinnitus. Tinnitus spectra peak at significantly higher likeness ratings in the hearing loss region for subjects reporting a "tonal" (pure tone) tinnitus rather a tinnitus of wider bandwidth (Roberts et al, 2008) , but there is nevertheless a substantial spread of ratings across frequencies in tonal cases that could reflect not the presence of multiple frequencies in the tinnitus but proximity to a single dominant pitch. Significant test-retest reliability was found when likeness ratings were correlated between sessions for each tested frequency (Roberts et al, 2008) and when likeness ratings were correlated across frequencies within a subset of individual subjects (Zhou et al, 2011) . However, the relation of the dominant likeness rating to pitch determinations made by the current procedure is presently unknown. Both procedures (each automated and employing featureless response dials) have an advantage over two-alternative forced choice methods for determining tinnitus pitch in that subjects are not required to choose between two sounds both of which resemble tinnitus or neither of which do.
Bandwidth
When assessed with Method 1 most subjects were generally consistent within and between sessions with respect to the stimuli they chose as the best match to their tinnitus (Tables 3 and 4 ). There was also a trend for the bandwidths that subjects chose as the best match to become narrower from Session 1 to Session 2, although the difference was not significant. Similarly, the bandwidths that subjects chose as the best match tended to become more consistent from Session 1 to Session 2, although this difference was also not significant. Of the 21 subjects tested, nine chose a pure tone as their bandwidth match in each session (six of the nine chose a pure tone for both sessions). When asked to judge the quality of their matches, for each of the 10 trials across the two sessions, only three of the 21 subjects judged their selection as "not a match" (all other subjects indicated that their selection was "somewhat close," "very close," or an "exact match").
The second assessment of bandwidth (Method 3) essentially duplicated Method 1 but using a center frequency that was determined by the average of the frequencies selected during the preceding measurement of tinnitus pitch (Method 2). One might have expected an improvement in reliability with Method 2 since the bandwidth adjustment was now performed around what was expected to be an improved frequency match. However, the results replicated those of the first method with no improvement seen, although more subjects chose zero as their bandwidth on the second session compared to any other bandwidth test.
When the results of Methods 1 and 3 are considered together, subjects reporting either a narrow-band tonal tinnitus or a wide-band noisy tinnitus were consistent across their bandwidth matches. Other subjects choosing an intermediate noise sound as their preferred bandwidth showed large discrepancies between their repeated matches. These latter subjects reduced the test-retest reliability of bandwidth matching to a level (Fig. 8) considerably below that found for determining the dominant tinnitus pitch (Fig. 7) . Similarly, Roberts et al (2008) found that 70% of individuals choosing either a 5 kHz pure tone as the best match to their tinnitus ("tonal" tinnitus), or a wide band of noise (center frequency 5 kHz 615% at 210 dB) as the best match to their tinnitus ("hissing" tinnitus), repeated their choices on a second test compared to 43% of subjects choosing an intermediate noise band as their best tinnitus match (center frequency 5 kHz 65% at 210 dB, "ringing" tinnitus). Consistent bandwidth matching by subjects reporting a narrow-band tonal tinnitus or a wide-band noisy tinnitus appears to give a strong indication of the "spectral content" of a patient's tinnitus percept. The presence of a band of frequencies in a tinnitus percept may help to explain why some patients have so much difficulty performing pitch matches with pure tones-that is, if their tinnitus consists of a broad spectrum of frequencies, repeated tonal pitch matches would be expected to span the range of frequencies.
Minimum Masking Levels
Hearing thresholds, using the 2-12 kHz noise stimulus, varied around a central point, i.e., repeated thresholds did not show any trends of becoming higher or lower upon repeated testing (Table 10) . When the between-sessions noise threshold differences were converted to absolute values, the mean differences averaged only about 4 dB. This variability is well within clinical standards that have been established for testretest reliability of hearing thresholds using pure tones (Witting and Hughson, 1940; Corso and Cohen, 1958; High et al, 1961; Atherley and Dingwall-Fordyce, 1963; Hickling, 1964) .
Between-sessions repeated MMLs were within 10 dB of each other for all but three of the subjects (Table 11) . Even including the latter three subjects, the average magnitude of the between-sessions differences was only 7 dB. These results supported a test-retest correlation between the two measurement sessions of r 5 0.807 ( p , 0.05) with only two of the 21 subjects falling notably off the line of unity (Fig. 10) . Considering the subjective nature of tinnitus, and the potential for tinnitus fluctuations between sessions, this result suggests that MMLs can be obtained reliably. Results of repeated MMLs have not been reported in the literature, so there is no external basis for comparison. It is noteworthy that some studies of sound therapy for tinnitus have reported improvements (reductions) in MML after treatment (Jastreboff et al, 1994; Davis et al, 2007 Davis et al, , 2008 , which implies reliable variance in the measure.
The age range for the 21 subjects was 28-78 yr. This fairly large range might raise the question of test-retest reliability of the measures as a function of age. It was possible to address this question with the MML data. Table 11 shows the differences in MMLs between Session 1 and Session 2 for all of the subjects. These differences were evaluated as a function of age, revealing little relationship between age and test-retest reliability in the MML data. The Pearson product-moment correlation between these two variables was 0.14.
Residual Inhibition
The literature shows that about 80-90% of tinnitus patients will experience RI when tested with the clinical procedure developed by Vernon and Meikle in 1981. Our results show that 12 of 21 subjects (57%) reported RI during the first session, and 13 of 21 (62%) reported it during the second session. These percentages are smaller than the clinical average, which might be partially explainable because subjects were allowed to reduce the volume of the test stimulus. This is not normally done for clinical RI testing but was included as an option for this study to ensure that subjects were not forced to listen to noise that was uncomfortably loud. Ten subjects reduced the output during the first session, and six did during the second session.
The percentage of subjects experiencing RI in the present study is, however, in broad agreement with results reported by Roberts et al (2008) . In their sample of 59 subjects with bilateral tinnitus, 69.5% reported at least some degree of RI (defined as a suppression of 20% of scale or greater averaged over three trials) after listening to 11 narrow-band noise maskers one at a time, with center frequencies differing between 500 and 12,000 Hz. The mean duration of RI was on the order of 25 sec for subjects who reported RI, compared to 137 sec for such subjects in the first session of the present study increasing nonsignificantly to 182 sec in the second session. The difference between these two studies with respect to the duration of RI is likely a consequence of the fact Roberts et al (2008) used a masking sound of only 30 sec duration compared to 1 min here, so that a "residual inhibition function" relating RI depth to the center frequency of the masking sounds could be determined. The RI function paralleled the tinnitus spectrum, both increasing above the edge of normal hearing in proportion to the degree of threshold shift up to the limit of hearing. Although the proportion of subjects reporting RI in the current study appears to be less than that reported for patients assessed in clinical practice, the mean durations of RI found in the present study are typical of what is described for clinical settings.
A striking feature of our RI results was that subjects who reported RI tended to do so consistently. No subject reporting RI in the first session failed to report it in the second, and RI duration showed significant test-retest reliability (r 5 0.706; Fig. 11 ). These findings suggest that RI can be a stable individual trait. Why some tinnitus sufferers experience RI and others do not is a puzzle waiting to be understood. Roberts et al (2008) noted that subjects younger than 50 yr old who had comparatively good hearing to 12 kHz were resistant to RI. RI resistance may occur when the bandwidth of the masking sound is not well matched to the pattern of cochlear pathology present in such cases.
Conclusions, Limitations, and Future Directions
Testing capabilities enabled by the automated system include measurements of hearing thresholds, tinnitus LM and PM, NBM, MML, and RI in a controlled test environment. The assessment could comprise a complete clinical test battery for psychoacoustic quantification of tinnitus. The total time of testing for the measurement reported here averaged 46 min to complete the battery of tests. Our objective is to conduct an entire tinnitus test battery in an average of 30 min. We plan to refine some of the testing for greater testing efficiency. All of the measures are repeated at least twice, and we will analyze the responses carefully to determine the minimum number of responses necessary for each test without compromising test-retest reliability.
Some examples of potential time-saving changes include the following:
1. Obtaining hearing threshold responses only once at each frequency. The computer could be programmed to analyze each pair of responses "on the fly" for a given patient, and to switch to single-response testing only if the patient achieves a criterion level of reliability. 2. Obtaining LM only once at each frequency. As with hearing thresholds, ongoing computer analyses of responses could determine if a single response would be sufficient. 3. Obtaining PM three instead of five times. If a patient selects the same frequency three times in succession, the computer could be programmed to omit the last two PM trials and advance to the next test. 4. Performing only one noise-band test. Analysis of the present data from the three NBM methods will assist in determining a single test to perform NBM. It is also possible that a single trial is sufficient to determine that the patient's PM with a pure tone is a better match than any noise band, which would obviate NBM in that case. 5. Obtaining an NBM fewer than five times. As for PMs, if a patient selects the same noise-band three times in a row, further matches could be unnecessary.
Each of these potential changes is being considered as we attempt to improve testing efficiency. These changes will be incorporated into a complete redesign of the system. We fully anticipate the development of a clinicready tinnitus measurement system as we complete current testing. The availability of such a system will promote, for the first time, interclinic uniformity of tinnitus assessment. This capability is greatly needed within the Veterans Affairs health-care system to address the rapidly increasing numbers of veterans who are claiming tinnitus as a service-connected disability and who are appearing in clinics to receive assessment and treatment.
Notable within-subject variability in repeated pitch matching within sessions was observed in Tables 6  and 7 , even though the test-retest reliability of mean determinations between sessions was highly significant (Fig. 8) . We intend to make a modification that could improve pitch match reliability within and between sessions. When conducting pitch matching using manual methods, it has been commonly reported that patients confuse the octave of their pitch match (Henry and Meikle, 2000) . That is, when selecting a match, it is thought that patients may select a frequency that is one octave higher or one octave lower in frequency than the actual perceived pitch of the tinnitus. To remedy this problem, examiners present tones one octave above and one octave below the patient's pitch match to determine if the patient has made an "octave confusion." For our pitch match protocol we (perhaps wrongly) assumed that octave confusion testing was not necessary because patients have the capability of raising or lowering the frequency of the test tone at will. This capability was thought to preclude the need for octave confusion testing. However, we intend to evaluate the benefit of modifying the pitch match test algorithm such that, when a pitch match is made, the computer will present tones an octave above and an octave below (if such frequencies are available in the test set) the selected frequency and query the patient as to which frequency sounds "most like the tinnitus."
Another concern that could affect test-retest reliability of the measures is the inherent variability that may exist in the tinnitus itself for some patients. Withinsession fluctuations in tinnitus would be highly unusual. However, between-session fluctuations could occur for some patients. The subjects in this study responded to an initial survey question about whether their tinnitus perception fluctuated over time ("Does the loudness of your tinnitus tend to fluctuate up and down?") as well as a follow-up question ("If your tinnitus shows loudness fluctuations, how large are the changes usually?"). We examined the subjects who reported greater fluctuations to determine if they showed higher variability in their between-session repeated measures. No difference was found in this measure between subjects who reported greater fluctuations and subjects who reported more stable tinnitus percepts. Future investigations of test-retest reliability of tinnitus measures should query subjects as to the stability of their tinnitus during and between test sessions.
A measurement system designed for the clinic will also facilitate comparison of data with alternative automated methods for measuring tinnitus spectra (Noreñ a et al, 2002; Roberts et al 2008) and RI (Roberts et al, 2008) . The latter procedures were designed as research tools giving measurements of the frequencies that comprise tinnitus, its bandwidth, loudness, and RI functions. The procedure of Roberts et al (2008) included a brief, automated front-end training program to acquaint the subject with the graphical user interface and introduce the concepts of loudness and pitch. A limitation of these procedures at present is the time taken for completion, which can range up to 1 hr or more exclusive of generating an RI function, and the need for specialized sound delivery and calibration equipment in the clinic. All approaches to automated measurement including the methods described in this article will require substantial baseline data if patients are to understand their tinnitus relative to population norms.
In their comprehensive review of psychoacoustic methods, Henry and Meikle (2000) noted that the measurement of tinnitus sounds is complicated by the variability that many patients report in the quality of their tinnitus. Examples include complex spectrotemporal tinnitus sounds, variations over hours or days, and different percepts in the two ears. The subjects studied here and by Roberts et al (2008) and Noreñ a et al (2002) were longstanding cases with reasonably stable tinnitus percepts. While capturing the full range of tinnitus may remain a challenge, methods for characterizing stable tinnitus are likely to represent an advance and may be suitable for the majority of individuals afflicted with this condition.
